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PREFACE 


This  work  mi  perforned  la  tha  Quutia  Physics  Division,  0.8. 
Bursas  of  Standards,  at  tha  Joint  Instltuta  for  Laboratory  Astrophysics 
under  MIR  TC1455-81-00626  and  MIR  PY1455-82-R0804.  This  work  was 


performed  during  tha  period  October  1981  through  September  1982  under 
Project  2301  Task  82,  "Plasaa  Research,  Gas  Discharge  and  Laser 
Plaaass. "  The  Air  Force  contract  nanager  sea  Dr.  Alan  Garscadden, 


Energy  Conversion  Branch,  Aero  Propulsion  Laboratory,  IIPAFB,  OR  A3A33. 
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URBoooenoH  ,  .*.<■,  , 

The  ■innanti  described  in  this  report  are  con  earned  with  the 
production  of  radiation  and  of  vlbratlonally  axcltod  aoloculos  whan 
alactrons  wows  through  gssas  under  tha  influence  of  an  electric  field. 
First,  we  describe  our  asasureasnts  of  the  production  of  photons  as  the 
result  of  the  collisions  of  electrons  with  ergon  stone  in  what  Is  known 
as  tha  free-free  or  brewsstrahlung  process.  Second,  we  discuss  progress 
during  this  contract  period  toward  the  nsssurenent  of  coefficients  for 
the  vibrational  excitation  of  the  hononuclear  Molecules  i^*  °2  an*  °2* 
The  asasurensnts  of  the  coefficients  for  the  production  of  free- 
free  radiation  In  the  collisions  of  electrons  with  argon  atone  were 
conpleted  and  the  results  ware  subadtted  for  publication  during  this 
contract  period,  lather  than  rework  this  aatertal  for  this  report,  we 
have  Incorporated  the  nanuaerlpt  of  this  paper  as  Sec.  II.  Briefly,  the 
results  of  this  work  are  that  we  haws  verified  to  a  such  higher  degree 
of  accuracy  —  15%  —  than  previously  the  utility  of  a  slnple  theory  for 
predicting  the  angnltude  of  free-free  radiation  at  naan  electron  ener¬ 
gies  between  1  and  3  eY.  As  a  result  of  this  verification  one  can  con¬ 
fidently  use  free-free  ewlssloa  as  a  diagnostic  for  Moderate  energy 
pleeaas,  such  as  these  occurring  in  high  power  switching  devices, 
charged  particle  been  propagation,  ram  gas-hell do  lasers*  and  in  the 


deference  1),  the  cross  section  tor  the  ealaaion  of  free-free  radiation 
at  500  na  by  electrons  In  arson  Is  that  shown  In  FIs.  1«  Fisure  1 
also  shows  the  application  of  this  theory  to  halloa  and  to  nitrogen 
deferences  1.  2). 

Section  Ill  of  this  report  describes  the  results  of  work  durlns 
FT  82  on  the  davelopaent  of  techniques  for  the  aeasureasnt  of  excitation 
coefficients  for  the  production  of  vlbrationally  excited  Hj.  ®2  °2 

by  low  energy  electrons.  Successful  aeasureaants  of  the  vibrational 
excitation  of  I>2  and  H2  using  these  techniques  were  wade  a  few  weeks 
after  the  end  of  the  FT  82  report  period. 


SECTION  II 


MEASUREMENT  OF  FREE-FREE  EMISSION  FROM 
LOW  ENERGY  ELECTRON  COLLISIONS  WITH  Ar 

1.  INTRODUCTION 

Interest  in  the  emission  of  free-free  cedi at Ion  (brsnsstrahlung) 
resulting  fron  the  collisions  of  low  energy  electrons  with  rare  ges 
atom  has  increased  with  the  demonstration  by  Pfau  and  Rutscher  (Ref- 

i  'r 

erenos  3)  that  free-free  enisslon  is  responsible  for  such  of  the  risible 
continuum  emitted  by  rare  gas  discharges.  Other  emission  measurements 
using  the  discharge  technique  hare  been  reported  (References  4-6)  along 
with  numerous  measurements  using  the  shock  tube  technique  (References  6. 
7).  The  inverse  process  of  the  absorption  of  radiation  by  free  electrons 
has  been  of  even  greater  Interest  because  of  the  importance  of  this 
energy  absorption  and  electron  heating  mechanism  in  the  laser  induced 
breakdown  of  gases  (Reference  8).  Both  of  these  topics  have  been  in¬ 
vestigated  In  great  detail  theoretically  (References  8-15).  Finally, 
there  have  been  a  number  of  recent  experimental  and  theoretical  investi¬ 
gations  of  narrow  resonance  structure  in  the  free-free  absorption  cross 
section  (Reference  15).  Because  of  the  narrow  width  and  relatively 
snail  integrated  eomtfihutiett  of  these  resonance!  to  the  averaged  free- 
free  cross  sections  of  significance  in  oar  relatively  low  energy  reso- 
leclcn  experiments,  we  will  not  he  concerned  with  these  features. 

The  present  measurements  of  free-free  emission  were  carried  cut 
using  the  electron  drift  tebe  technique  which  ms  have  used  previously 
(References  18-18)  for  messnremants  of  excitation  eoeff identn  few 


weakly  radiating  states  of  molecules.  In  these  experiments  a  photo** 
electrically  produced  electron  current  drifts  through  the  gas  under  the 
action  of  a  spatially  uniform,  tine  modulated  electric  field.  About 
one  In  10®  colllslona  of  the  electrons  with  the  gas  atous  results  In 
the  eulsslon  of  e  visible  photon.  A  nail  fraction  (~l  In  10*)  of  these 
photons  Is  selected  by  wavelength  and  reaches  the  sensitive  arse  of  the 
detector.  The  absolute  photon  flux  is  compared  with  that  from  a  stand¬ 
ard  leap  end  the  ratio  Is  used  to  calculate  the  exdtetlon  coefficient. 
The  principal  advantage  of  the  present  technique  over  the  discharge 
technique  used  in  previous  experiments  (References  3-6)  is  that  the 
electric  field  E  and  gas  density  N  can  be  easily  varied  and  accurately 
determined  and  that  the  theory  of  the  experiment  need  not  take  into  ac¬ 
count  electron-electron  and  electron-ion  collisions  (Reference  19).  A 
disadvantage  of  the  drift  tube  technique  is  that  the  emitted  intensities 
are  about  10*  smaller  than  in  a  typical  discharge  experiment. 

2.  THEORY  OP  EXPERIMENT 

In  this  section  we  briefly  review  the  results  of  theoretical  cal¬ 
culations  of  free-free  radiation  and  of  the  excitation  coefficients 
which  are  relevant  to  this  experiment.  We  then  derive  the  equations 
necessary  to  relate  the  observed  signals  to  the  excitation  coefficients. 

a.  Tree-free  emission  theory 

For  our  purposes  It  Is  convenient  to  divide  the  free-free  emission 
continuum  Into  a  number  of  spectral  beads  of  frequency  width  dv  and  to 
regard  the  collision  process  leading  to  emission  of  radiation  la  this 
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band  aa  an  Inelaatle  collision  between  the  electrona  and  gas  atoms.  The 
spectral  intensity  Iy  in  units  of  photons  per  unit  voluee  and  per  unit 
frequency  Interval  and  per  unit  tiae  ia  given  by  (Reference  3) 

Iv<fc  -  neN  /*  v  Qf£(e,hv)e1/2f(e)de  s  kff(v)n€»  .  (1) 

Here  n^  and  H  are  the  electron  and  neutral  atoa  or  aolecule  densities,  v 
and  e  are  the  electron  speed  and  energy,  f(e)  Is  the  noraslised  electron 
energy  distribution  and  Qff(c ,hv )  and  kff  are  the  cross  section  and  rate 
coefficient  per  fractional  band  width  dv/v  for  eaisslon  of  a  photon  of 
energy  hv  by  the  free-free  process.  Figure  2  shows  theoretical  calcu¬ 
lations  of  the  cross  section  per  fractional  bandwidth  Qffte.hv)  aa  ob¬ 
tained  by  a  variety  of  theoretical  approaches  for  hv  “  1.78  eV.  The 
dashed  and  solid  curves  are  froa  the  quantum  mechanical  calculations  of 
Ashkin  (Reference  12)  and  of  Geltman  (Reference  13).  The  solid  circles 
are  our  calculations  using  the  very  simple  formula  of  Ras'yanov  and 
Starostln  (Reference  10)  for  hv  «  e  and  momentum  transfer  cross  sec¬ 
tions  used  previously  (Reference  17)  for  Ar.  This  formula  is 


Qff(e,hv) 


4  «3  (e-hv/2)(e-hv)l/2  „  x 

r? - m - Ve) 

c 

1/2 

1.211  x  W'V  -^-)(l  “)  *  Ve) 


(2) 


where  a  is  the  fine  structure  constant  (1/137),  Ry  is  the  Rydberg 
(13.6  eV),  e  is  in  eV,  and  (^(e)  is  the  cross  section  for  momentum 
transfer  collisions  of  electrons  with  the  atom  or  molecule.  Calcula¬ 
tions  made  using  the  formula  of  Holstein  (Reference  11)  and  the  total 
and  momentum  transfer  cross  sections  of  Hayashi  (Reference  2)  are  shown 
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CROSS  SECTION 


ELECTRON  ENERGY  (eV) 


Figure  2.  Theoretical  cross  section  per  fractional  bandwidth  for  the 
enlsslon  of  1.78  eV  photons  vs.  electron  energy.  The  solid 
and  dashed  corves  are  fron  Geltnen  (Inference  13)  and  Ashfcln 
(Inference  12),  respectively.  The  circles  and  squares  ere 
our  calculations  based  on  the  foranlas  of  Kas'yanov  and 
Starostln  (Inference  10)  and  of  Holstein  (Inference  11), 
respectively. 
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by  the  triangles  In  Fig.  2.  The  differences  saong  the  various  theoreti¬ 
cal  cross  sections  shown  in  Fig.  2  are  less  than  3 OX  over  aost  of  the 
electron  energy  range.  Most  of  the  difference  between  the  cross  section 
calculated  using  Eq.  (2)  and  those  calculated  using  Holstein's  foraula 
results  froa  the  fact  that  in  Eq.  (2)  the  is  evaluated  at  e,  whereas 
in 'Holstein's  foraula  the  cross  sections  are  evaluated  at  e  -  hv/2. 

The  differences  aaong  the  cross  sections  are  larger  near  threshold, 
e.g.  a  factor  of  3  at  2  eV  for  Ashkln's  results  vs.  our  application  of 
Holstein's  foraula  shown  in  Fig.  2.  The  large  differences  between  the 
calculations  at  electron  energies  above  20  eV  are  caused  by  differences 
in  the  aoaentua  transfer  cross  sections  used  in  Reference  17  and  those 
of  Hayashi  (Reference  2).  As  we  shall  see,  our  experlaents  are  not 
sensitive  to  cross  sections  at  either  of  these  extreaes  of  energy.  The 
cross  sections  predicted  using  the  older  foraula  of  Firsov  and  Chibisov 
(Reference  9)  and  the  total  scattering  cross  sections  of  Hayashi  are 
auch  larger  than  the  values  shown  in  Fig.  2. 

Excitation  coefficients  for  free-free  eaisslon  were  calculated  froa 
the  cross  sections  generated  by  Eq.  (2),  by  Celtaen  (Reference  13)  and 
by  the  Holstein  foraula  (Reference  11).  The  electron  energy  distribu¬ 
tions  for  Eq.  (1)  are  calculated  using  the  nuns ri cal  procedures  of  Frost 
and  Phelps  (Reference  21)  and  the  cross  sections  discussed  by  Tachlbana 
and  Phelps  (Reference  16).  The  calculated  free-free  ealssloo  coeffi¬ 
cients  will  be  presented  with  the  experlasntal  results  in  Sec.  11.4. 
Although  not  directly  useful  in  this  paper  because  of  the  aasuaed 
Maxwellian  electron  energy  distribution,  we  note  that  there  is  good 
■grease nr  aaong  a  nuaber  of  theoretical  calculations  (Info ran caa  6,  13, 


14)  of  (m-fm  emission  sad  absorption  coefficients  for  oloctrooo  la 
It.  The  Maw* Ilian  oloctron  energy  distributions  or*  appropriate  to 
•bode  tub*  experiments  (Inference  7)  and  to  discharge  experiments  at 
high  fractional  ionisation  (Inference  4). 

It  la  iaportant  to  keep  in  Bind  that  throughout  this  papar  m  barn 
not  followed  tha  usual  eonvantlon  of  expressing  the  fraa-fraa  aalsslon 
in  tarns  of  a  spectral  intensity,  i.a. ,  cross  section  or  excitation 
coefficient  per  unit  spectral  bandwidth,  but  rather  have  defined  cross 
sections  and  rate  coefficients  per  fractional  bandwidth.  This  uncon¬ 
ventional  fornulation  has  the  advantages  of  yielding  numbers  which  are 
independent  of  units  used  to  nsasure  bandwidth  end  of  yielding  cross 
sections  and  excitation  coefficients  which  are  readily  compared  with 
cross  sections  and  excitation  coefficients  for  the  production  of  ex¬ 
cited  states  which  emit  lines  or  nolecular  bands.  In  our  experiments 
the  fractional  bandwidth  of  the  detection  system  is  typically  0.1. 

b.  Model  of  experiment 

The  signal  produced  by  the  photon  detector  Is  obtained  by 
Integrating  tq.  (1)  over  the  drift  tube  volume  V  and  over  freooency  v, 
taking  Into  account  the  optical  system  and  detector  characteristics , 
l.e. , 

.  40 

S„  -  //  dV  kM (v >Wv )D(v )f4 (v)  ^n(r)  ,  (3) 

where  fw(v)  is  the  fractional  transmission  of  the  windows  between  tha 
colllclon  chamber  aad  the  detector,  D(v)  Is  the  rasp asm ttlvity  pec 
photon  of  the  detector,  amplifier  and  recording  system  as  a  function  of 


v,  ft(v)  Is  the  fractional  transaissloo  of  the  Interference  or  otter 
filter  inserted  between  the  collision  chanter  and  the  detector,  ADC  is 
the  solid  angle  of  the  detector  as  seen  fron  the  cantor  of  the  collision 
chanter,  and  t|(r)  is  the  efficiency  of  the  detection  systea  at  earl one 
points  in  the  collision  chanter  relative  to  that  at  the  canter  of  the 
chanter  deference  16). 

equation  (3)  can  be  rewritten  as 

Haq  . 

sff  -  TT-r  fw(v)kff<v)D(v)f1(v)  f-x  f  a0n(r >dP  .  (♦) 

He  define  a  geonetrleal  factor  Gff  by  the  relation 

Gf.  "  /  d?  .  (5) 

V  V 

We  note  that  G({  is  equal  to  the  6  factor  defined  by  Luwton  and  Phelps 
(Reference  16)  in  the  liadt  of  no  diffusion.  Since  ionisation  and 
attachaent  can  be  neglected  in  the  present  esperlnents  at  low  K/M  in 
pure  Ar,  the  electron  density  n,  can  be  assuaed  to  be  Independent  of 
position  in  the  electric  field  direction.  If,  as  in  previous  papers 
(References  16,  17),  we  neglect  the  effects  of  radial  variations  in 
the  electron  density,  then  the  expression  for  Cff  reduces  to  a  constant 
equal  to  the  average  of  n(r)  over  the  active  portion  of  the  drift  tube. 
This  constant  was  0.97  for  the  Infrared  detector  and  0.80  for  the  photo- 
aultlplier  detector. 

In  tbs  usual  caaa  of  a  slow  variation  in  f*,  kff(v)  and  D(v)  with 
v  cowperad  to  that  of  f*(v),  the  lateral  over  v  in  Bq.  (6)  can  la  mit¬ 
ten  as  fv(vi)kff  (vi)O(v i><(i>  Av.  Bara  <f^>6v  la  the  "area"  under  the 


flltw  tmntMiM  curve  and  is  the  photo*  frequency  at  the  peek  sd 
ttao  ttttnlMiQB  of  the  Interference  filter.  Equation  (4)  can  no*  be  • 
spprosiaated  kgr 

*«  '  =;  Vi^VW  r  •  «> 

•ban  L  la  tha  aaparatlon  of  tho  cathode  and  anode  of  tin  delft  tube, 

1  la  the  current  through  the  drift  tube  and  a  and  wt  at*  the  electron 
charge  and  drift  velocity.  Rote  that  becauee  of  the  abeenca  of  signifi- 
cant  attachment  or  Ionisation,  the  q  factor  of  Keference  16  la  equal  to 
unity  and  eo  la  onltted  fro*  Eq.  (6).  Maasureaenta  at  aignlflcantly 
higher  E/E  would  require  that  corrections  be  aade  for  Ionisation.  Pro* 
Bq.  (6)  we  note  that  since  the  free-free  mission  signal  increases  with 
the  fractional  bandwidth  Av  /v  of  the  detection  systen,  one  should  use  a 
wide  band  width  Interference  filter  or  a  very  low  resolution  *snoehro*a- 
tor  for  wavelength  selection. 

The  reference  signal  Sr  reaching  tha  detector  fro*  the  reference, 
l.e.,  the  blackbody  or  tha  calibrated  tungsten  strip  leap.  Is  given  by 

St  •  A0r*r  r  <v )*w<v  )« (v )»(y )D(y )f i (v Mv  ,  (7) 

where  AQr  is  the  solid  angle  of  die  detector  as  seen  fro*  a  Uniting 
aperture  (Reference  16)  of  area  ar,  fr(v)  Is  the  transalsslon  of  the 
windows  between  the  reference  source  said  (hi  collision  Chaaher,  c (v) 

Is  tha  enlsslvlty  of  the  reference  source,  S(v)dv  nunber  Of  photons  per 
second  snltted  by  a  blachbody  per  unit  of  surface  and  per  obit  eoUd 
angle,  do  discussed  la  leferanoa  16,  the  reference  sources  wetoletjp 


to  fill  choir  Hatting  apertures  as  seen  free  the 


detector. 

Using  Bqs.  (4),  (5)  and  <7)  rather  than  Bq.  (6)  for  greater  aeon* 
racy,  m  find  that  the  ratio  of  the  free-free  enisslon  aignal  to  the 
reference  aignal  ia 

e  mo  e  r  f_(v)k##(v)D(v)fi<v)d¥/* 

*ff  _  ”ff  1L  0  w  " _ 1  #  (§) 

Sr  *“Vr  "'a  /*  f  (v)f  (v)c(v)B(v)»(v)f  <(»)*» 

0  r  *  1 


If  ne  define  a  free-free  excitation  coefficient  aff&i)  by 

m  *ff  ^*i^%  * 


aff(Xt)  Cff  8gg 


ff  r 


where  here  X&  ia  taken  to  be  the  naan  «n we length  tranaaitted  by  inter¬ 
ference  filter  and 


^f^i*  “  ao!l  r  ” 


-  r  f-CDf-fcfcoorajraK.a)* 

r  0  g  9  1 

tax  ~~  k„(cA)  T 


.  (U> 


D*(X)  ■  D(v )/hv 


hvB(v)dv  -  B'(X)dX 


Bqeatlon  (11)  van  need  for  analysing  the  data  presented  ia  this  paper 


He  note  that  the  fotaela  far  detenteing  «ff(Xi)/B  free  the  eaparlepptel 


data*  l.a.,  Bq.  (10),  ia  wary  each  like  Bq.  (17)  of  Lenten  end  Vhelpe 
(Beference  Id)  for  deterelalag  sg/I  for ..the  OjCb1!)  eetastablaa. 


3.  BXFBRIMUTAL  APPARATUS  AMD  PROCEDURE 

A  schaastle  of  ttao  drift  tubs  technique  used  for  deteralnatlon  of 
the  froo-froo  axel tattoo  coefficients  la  shown  la  fig.  3.  Ultraviolet 
radiation  fro*  a  continuously  oparatlag  100  V  high  pressure  asreur y  laap 
ia  yaaaad  through  broad  baad  latarfaraaea  filtara  with  aaxlaua  transals- 
aiaa  at  190  aa  aad  tbaa  through  a  quarts  window  coatad  oo  tha  iaaida 
with  a  aaal-traoaparaat ,  eathoda  ft la  of  ovmporatod  Pd-Ao  alloy.  Tha 
raoulting  photoelactrons  aator  tha  parallal  plata  drift  tuba  flllad  with 
Ar  at  daaaltlaa  from  3  to  15  a  10**  atoa/a*.  Tha  aaoda  voltaga  la  uodu- 
latad  ao  aa  to  periodically  apply  a  known  alactrlc  fluid  B  and  ao  pro¬ 
duce  alactrona  with  a  nodulated  aaan  anargy.  Tha  photona  aalttad  In  tha 
free-free  tranaltlona  are  detected  with  a  photoconduct 1 we  detector  for 
the  Infrared  or  with  a  photoaultlpller  for  visible  wavelengths.  The 
free-free  ealeelon  signal  la  coapared  with  the  signal  froa  a  hollow 
cavity  blackbody  for  tha  Infrared  aad  with  a  calibrated  tungsten  ribbon 
laap  for  tha  visible  wavelengths. 

The  drift  tube  used  la  these  expert nants  aad  shown  In  the  schanatlc 
of  Fig.  3  la  the  sane  as  the  one  used  previously  (References  16-18) 
to  asasure  excitation  in  aolacular  gases.  The  electrode  spacing  was 
38.4  an  and  tha  eathoda  disaster  was  60  an.  The  accelerating  voltage 
ranged  free  60  to  3100  V  and  the  total  currant  In  the  on-period  was  0.02 
to  0.09  pA.  Measureaents  are  reported  at  total  gae  densities  of  3  to 
15  x  102*  n“*.  Argon  of  nonlnal  99.9992  parity  «ns  fed  Into  the  tube 
directly  fron  a  high  pressure  cylinder. 
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Figure  3.  Scheaetie  of  exporitant.  Koto  that  the  eoatoro  of  the  oeaft- 
traneparent  cathode,  tho  anode,  tho  drift  tube  and  tho  It 
P  are  on  on  aria  perpendicular  to  tho  piano  of  the  refer¬ 
ence  aoorcoa  and  the  dotectore. 


The  vusimnt*  at  1.3  |ia  were  wade  with  a  parlod  of  tha  saro- 
besed  square  wave  voltage  applied  to  tha  mods  of  25  a  aa  la  tha  aan- 
aureasnta  of  tha  1.27  pa  enieelou  froa  tha  e*Ag  state  of  Oj.  This  data 
rocordlag  parlod  m  followed  by  a  doad  tlaa  of  15  a  far  eeapotar  pro- 
caaalag  of  tha  data.  Tha  liquid-gj  coo  lad,  latrlaalc  paraasloa  datoetor 
had  responsivlty  aad  MBP  (aolaa  equivalent  power)  of  7  *  10®  T/B  aad 
1  x  10“ 15  MBs*1/2,  respectively,  at  1.3  pa.  Tha  signal  froa  tha  "dc“ 
output  of  tha  dataetor  for  atop  function  lnfrarad  Input  signal  conalata 
of  rapidly  and  slowly  rising  coaponanta,  tha  tlaa  caoatanta  of  ddch 
ware  about  10  as  and  3  a.  raspactlvaly.  As  doscrlbod  In  lafaranca  17, 
this  problaa  was  overcoae  by  using  an  aaplifiar  containing  dlf f arentla- 
tlon  and  addition  circuits  which  coapanaata  for  the  3  s  responae  and 
partially  coapanaata  for  tha  10  aa  rasponsa.  Tha  conpansatlon  circuits 
ware  adjusted  for  a  square  wane  output  signal  using  the  chopped  signal 
froa  tha  blackbody  as  aa  input  signal. 

A  alnicoaputar  was  used  as  a  data  acquisition  and  analysing  systaa. 
Tha  signal  froa  tha  coaponaatad  aaplifiar  was  saapled  ovary  0.1  s  using 
an  analog-  to-digltal  converter.  A  sat  of  data  was  stored  in  tha  coar 
putar  and  than  analysed  (lafaranca  17)  to  reject  spikes  Aw  to  conic 
rays.  Sixteen  to  thirty-two  sets  of  data  were  additivaly  accuanlated 
and  averaged  la  tha  eoaputer. 

The  aaaauranant  of  tha  ssnsltlvity  of  tha  dstactloa  systaa  for  In¬ 
frared  radiation  aadtteO  froa  the  canter  of  the  collision  Shankar  aa* 
aads  ualng  a  hlaohbady  souroa  aowated  an  tha  apposite  aids  of  tha  drift 
tubs  froa  the  detector.  A  ehappsr  In  front  ef  the  saeraq  aah|1sted,S>» 


bUekbody  emission  with  a  period  of  20  a.  An  aperture  of  1 . 501  Wm  <&«aS- 
ter  was  placed  in  front  of  the  source  0.47  ■  froa  the  detector  eo  as  to 
reduce  the  blackbody  signal.  When  the  temperature  of  the  source  m£' 

490  K  the  intensity  at  the  detector  was  comparable  to  that  ohe erred  for 
the  free-free  emission  and  was  large  eoapared  to  the  thermal  background 
signal.  The  spatial  variation  of  the  detection  efficiency  rj(_r)  was 
measured  using  a  snail  diffuse  light  source  Which  was  scanned  over  the 
drift  region  as  described  in  Reference  17. 

b.  Visible  wavelength  system 

The  detection  system  end  reference  light  source  for  the  measure- 
ments  of  free-free  emission  at  500  and  6S0  nm  was  a  modification  to 
that  described  by  Lawton  and  Phelps  (Reference  16).  An  improved  photon 
counting  system  was  used  to  Integrate  the  photomultiplier  signals  during 
the  on  and  off  times  for  the  high  voltage  applied  to  the  drift  tube. 

The  photomultiplier  counts  and  the  digitised  average  cathode  current 
were  transferred  to  the  mini computer  after  a  preset  time  interval.  An 
interference  filter  with  68X  transmission  and  a  band  pass  of  66  am  FMM 
was  used  for  the  measurements  reported  for  500  am.  Measurements  at 
650  am  were  made  using  an  Interference  filter  with  65X  peek  transmission 
and  a  band  pass  of  33  nm  TWHK.  As  pointed  out  previously  (Reference 
16),  the  final  reeulta  are  insensitive  to  the  magnitude  of  the  inter¬ 
ference  filter  transmission.  The  filter  characteristics  were  measured 
separately  using  a  commercial  spectrophotometer.  A  multi-alkali  photo¬ 
multiplier  la  a  UV  transmitting  envelope  with  a  slowly  varying  geantum 
efficiency  between  290  nod  M0  me  was  used  with  these  filters.  The 
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principal  difficulty  encountered  la  these  nsesurenents  mi  that  of  the 
calibration  of  the  neutral  density  filters  used  to  reduce  the  signal 
fron  the  standard  lamp  to  values  In  the  linear  range  of  the  photon 
counting  system. 

He  estimate  an  uncertainty  of  ±20Z  for  the  resultant  measured 
excitation  coefficients  for  both  the  infrared  and  visible  wavelengths. 
The  significant  changes  In  these  estimates  fron  those  of  laferends  16 
are  the  absence  of  a  contribution  to  the  uncertainty  from  a  radiative 
lifetime,  a  more  accurate  measurement  of  the  aperture  area  (±4Z),  and  a 
more  accurate  determination  of  the  electron  current  (±5Z). 

4.  FREE -FREE  EMISSION  DATA 

In  this  section  we  summarise  the  results  of  measurements  of  the 
free-free  emission  coefficients  for  electrons  in  Ar.  Figure  4  shows  an 
example  of  the  Infrared  emission  signals  vhlch  led  us  to  the  conclusion 
that  the  drift  tube  technique  could  be  used  to  measure  free-free  emis¬ 
sion  coefficients.  This  waveform  was  obtained  during  measurements  of 
02<e*A)  production  in  a  mixture  of  0.05Z  <>2  In  Ar  at  a  total  gas  density 
of  1025  m"3  and  an  B/W  of  3  x  10“21  Vn2.  The  exponentially  rising  and 
falling  portions  of  this  waveform  are  Interpreted  as  emission  fron 
<>2(0*4 )  molecules  at  1.27  pa  and  yield  excitation  coefficients  consis¬ 
tent  with  those  reported  in  References  16  and  17.  When  the  exponen¬ 
tially  varying  portions  are  subtracted  fron  the  observed  waveform  cos  is 
left  with  a  rectangular  waveform  which  we  interpret  as  free-free 
emission  omitted  in  collisions  between  electrons  and  argon  atoms. 


Title  interpretation  is  supported  by  the  feet  that  in  pure  Ar  only  the 
rectangular  component  of  thewaveforu  vas  observed*  Although  one  ex¬ 
pects  the  free-free  emission  signal  to  follow  the  rapid  changes  in  the 
electron  density,  we  usds  no  effort  to  observe  he  free-free  eaissloo 
with  a  tine  resolution  better  than  the  0.1  s  value  normally  used  in  the 
(>2(0*6)  expert went a.  Winkler,  Michel  and  Wilhelm  (Reference  21)  have 
observed  changes  in  the  free-free  emission  from  afterglows  in  Re  and  Ar 
on  a  uicrosecond  tine  scale.  The  principal  clues  to  the  identity  of 
the  signal  were  the  slow  variation  of  the  signal  with  E/N  and  with  wave¬ 
length,  as  discussed  in  the  reaalnder  of  this  section. 

The  free-free  emission  coefficients  for  pure  Ar  at  wavelengths  near 
1.3  pa  are  calculated  from  the  observed  magnitude  of  the  infrared  signal 
using  Eqs.  (10)  and  (11).  The  averages  of  several  runs  are  shown  as  a 
function  of  E/N  by  the  squares  in  Fig.  5.  Similarly,  the  triangles  and 
the  circles  of  Fig.  5  show  the  averages  of  results  of  measurements  near 
500  and  650  na,  respectively.  Plots  of  the  free-free  emission  coeffi¬ 
cient  versus  wavelength  fer  E/N  values  of  3  *  10-2*  Vm2  (squares)  and 
2  x  10’21  Va2  (triangles)  are  shown  in  Fig.  6.  Note  that  When  appro¬ 
priate  corrections  are  made  for  the  effects  of  attachment,  the  free- 
free  emission  data  of  Fig.  4  and  other  data  from  Oj-Ar  mixtures  obtained 
during  measurements  at  1.3  pa  are  consistent  with  the  1.3  pm  data  shown 
in  Fig.  5. 

The  solid  curves  of  mgs.  5  and  6  are  the  result  of  calculations  of 
free-free  emission  coefficients  which  wo  have  made  using  Kq.  (2)  for  the 
free-free  emission  Cross  section  and  the  electron  energy  dlotributloos 
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Vigor*  5.  Free-free  eedsslon  coefficient  per  fractional  bnMdth  for 
electros*  in  ergon  re.  I'M.  The  error  bare  shoos  at  low  I/M 
for  300  sod  <00  os  are  the  statistical  uncertainties  eeeo- 
dated  with  photon  coasting.  The  x  and  +  are  representative 
data  fro*  laferescas  4  and  3,  respectively.  The  solid  serves 
calculated  values  obtained  using  Iqs.  (1)  and  (2).  The 
daahad  curve  shoos  results  calculated  using  Bolsteln**  for- 
euls  (Reference  11). 
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Figure  6.  Wavelength  dependence  of  free-free  eaiselon  coefficient  per 
frectlonel  bendvldth  for  electrons  In  Ar.  The  solid  curves 
ere  our  celculeted  values,  irtilla  the  dashed  curve  Is  froa 
Pfeu,  Rutscher  end  Winkler  (Keference  22).  The  triangles  end 
squares  ere  oar  experimental  results  for  B/M  values  of  2 
3  x  10** *  Vs?,  respectively. 
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which  ww  have  calculated.  For  this  purpose.  It  la  convenient  to  write 
Eq.  (1)  as 

tt  '  ^ r  .«„(.)«.)*  .  («> 

Here  tiff  la  the  nunber  of  free-free  photons  emitted  per  unit  distance  of 
electron  drift  and  per  fractional  band  width.  According  to  Eq.  (12)  the 
noraallsed  excitation  coefficient  la  expected  to  be  independent  of  the 
argon  density.  Our  electron  energy  distributions  were  calculated  using 
the  electron-Ar  collision  cross  section  data  discussed  In  Sec.  II. 3  and 
In  Reference  17.  The  dashed  curve  for  X  ■  650  ns  of  Fig.  5  was  calcu¬ 
lated  using  the  Qff(e.hv)  values  for  X  »  650  an  calculated  using  the 
theory  of  Holstein.  In  this  ease  the  nonentun  transfer  cross  sections 
of  Hayashi  (Reference  2)  were  used  In  the  calculation  of  f(c).  although 
the  Qa(c)  values  of  References  17  and  2  agree  for  e  <  3  eV  and  differ  by 
less  than  10Z  for  c  <  15  eV.  The  a^/N  values  calculated  fron  the  theo¬ 
retical  cross  sections  of  Geltnan  are  not  shown  in  Fig.  5  since  they 
differ  fron  the  results  obtained  with  Eq.  (1)  by  less  than  about  5Z  for 
E/N  >  0.3  x  10"21  Vm2.  The  decrease  In  the  calculated  aff/N  values  for 
E/N  greater  than  4  x  10"21  Vn2  la  the  result  of  an  Increase  In  the  slope 
of  the  drift  velocity  vs  E/N  data  as  wall  as  a  decrease  In  the  slope  of 
kff  vs.  E/M  at  E/N  where  inelastic  collisions  are  laportant  (References 
16,  22).  The  calculated  naan  electron  energies  vary  fron  1.2  eV  at 
E/N  -  2.3  x  10-22  Vn2  to  5.4  eV  at  E/N  -  1  x  10-20  v*2.  The  dashed 
curve  of  Fig.  6  was  obtained  by  interpolation  of  graphs  of  calculations 
by  Pfau,  Rutschar  and  Hinkler  (Reference  22).  The  lower  enlsslon  coef¬ 
ficients  obtained  by  these  authors  coopered  to  those  we  calculate  at  the 


mm  R/H  appear  to  be  the  result  of  their  use  of  somewhat  larger  Q^(e) 
values  for  electron-Ar  collisions  with  a  resultant  lower  Man  electron 
energy  and  lower  Off/H. 

For  8/H  below  3  x  10~2i  Vm2,  the  agreeMnt  between  ezperlMnt  and 
the  theory  of  Kas'yanov  and  Starostln  (Reference  10)  as  shown  by  the 
solid  curves,  is "within  tlSX  or  the  statistical  uncertainty  of  the  data 
in  spite  of  the  fact  that  the  tw  values  are  conparable  with  the  photon 
energy.  Although  the  theoretical  curve  calculated  using  the  fornula  of 
Holstein  (Reference  11)  lies  well  outside  the  statistical  uncertainty  of 
our  data,  it  is  Just  within  the  confidence  Units  we  have  assigned  to  our 
results.  The  relatively  large  experimental  values  and  rapid  Increase  of 
the  a ff/H  coefficients  relative  to  theory  for  X  *»  1.3  pa  at  B/H  values 
above  4  *  10"21  Va2  are  consistent  with  a/H  values  which  we  calculate 
for  the  emission  of  Una  radiation  by  highly  excited  Ar  atoM.  The  ex¬ 
cess  of  the  measured  signal  at  650  nm  at  B/N  >  5  x  10-21  Vm2  varies  much 
less  rapidly  with  B/H  than  expected  for  highly  excited  states  of  Ar. 
Although  this  discrepancy  nay  Indicate  an  error  in  the  values  of  0a(c) 
at  electron  energies  above  about  10  eV,  further  MasureMnts  of  the 
spectral  distribution  of  the  radiation  should  be  Mde  so  as  to  verify 
that  the  emission  at  the  higher  B/H  is  free-free  radiation. 

Absolute  MasureMnts  of  frM-frM  emission  signals  from  electri¬ 
cal  discharges  in  Ar  are  reported  for  wavelengths  from  300  to  500  nm 
by  VMlleva,  Zhdanova  and  Maatsakanyaa  (Reference  5)  and  for  480  vm  by 
Solubovskil,  Kagan  and  Bom rove  (References  4,  23).  Their  results  were 
about  (75  t  20X)  and  (100  t  20X),  reapectlvely,  of  their  theoretical 
values,  leprssentatlve  experimental  data  obtalaed  by  these  authors 


at  500  nu  ara  shown  In  rig.  5.  Tbs  E/1  tango  of  chair  low  currant 
dlschargaa  aats  ths  —an  alactron  energy  la  tha  ramn  of  4-5  a?.  Tha 
agraa— nt  batwaan  axparl— nt  and  thaor y  shown  for  thasa  authors  la  re- 
aarkably  good  whan  om  considers  tha  problaaa  of  tha  datarnlnatlon  of 
tha  alactron  density  and  of  tha  effoets  of  gas  heating  on  tha  analysis 
of  their  axparl— ntal  data  deference  23).  Tha  raoalta  of  Ttallm,  at 
al.  (Kafaranca  5)  and  of  Kntsehor  and  Pfau  (Kafaranea  3)  alao  provide 
tests  of  ths  theoretical  predictions  of  the  ware length  dependence  of 
tha  fr— -free  awl  as  Ion. 


5.  Discussion 

Tha  resulta  presented  In  this  paper  show  tha  usefulness  of  the 
electron  drift  tuba  technique  for  the  — asure— nt  of  free-free  aadssloo 
coefficients  for  electrons  In  gases.  This  technique  —has  possible  wsa- 
sure— nts  of  free-free  ewlsslon  coefficients  under  anch  note  accurately 
known  expert— ntal  conditio—  for  a  wide  range  of  —an  electron  energies 
(1.2  to  5.4  aV)  than  was  possible  using  the  discharge  technique.  The 
fr— -free  ewlsslon  coefficients  for  phot—  energies  batmen  1  and  2.5  aV 
and  for  —an  electron  energl—  between  1.7  and  5.0  aV  agr—  with  theo¬ 
retical  predictions  to  within  ±152.  At  (50  —  and  —an  electron  ener- 
*!•*  fr—  1.7  sV  down  to  1.2  iT  ths  expert— ntal  and  theoretical  agr— 
within  the  statistical  —certainty  of  1— s  than  ±2SX,  while  at  — 
electron  energies  shows  5.0  a?  ths  apparent  discrepancy  batman  thorny 
and  experl— nt  Increases  with  el— tr—  energy.  Unfortunately,  the  —an 
electron  energies  required  to  produce  a  — aaurabla  signal  ate  t—  large 


to  enable  us  to  work  la  the  threshold  electron  energy  range  where  the 
various  theories  ere  sore  easily  distinguished.  Measurements  of  free- 
free  emission  at  very  high  deaaltles  of  pure  gases  or  absorption  mea¬ 
surements  using  low  mean  energy  electrons  might  make  possible  a  choice 
from  among  the  theories.  Free-free  emission  measurements  deference 
24)  at  extremely  high  gas  densities  (*10^  »~3)  should  provide  data  for 
testing  theories  appropriate  to  conditions  In  which  the  time  between 
electron-atom  collisions  la  comparable  to  the  photon  frequency,  but 
under  much  more  accurately  controlled  conditions  than  In  the  laser 
breakdown  experiments  deference  8)  carried  out  at  these  densities. 

Such  high  density  emission  experiments  should  provide  a  valuable  com¬ 
plement  to  electron  mobility  measurements  at  high  gas  densities  where 
departures  from  the  binary  collision  model  of  electron  scattering  nay 
occur  deference  25). 

On  the  basis  of  the  success  of  the  simple  formula  for  calculating 
free-free  emission  coefficients  for  argon,  one  is  encouraged  to  recom¬ 
mend  the  use  of  this  formula  for  other  gases  for  which  the  momentum 
transfer  cross  section  Is  known.  Obviously,  it  would  be  desirable  to 
test  the  formula  against  experiment  for  other  gsses,  e.g. ,  Be  and  Wj. 
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VIBRATIONAL  EXCITATION  OF  HGMONUCLEAR  MOLECULES 

The  objective  of  these  experiments  is  to  develop  sod  apply  tech¬ 
niques  for  the  eeesureeent  of  coefficients  of  the  production  of  vibra- 
tlonelly  excited  hoaonucleer  molecules  by  low  energy  electrons .  The 
molecules  of  particular  Interest  are  D2*  ®2*  **Habla  data  for 

the  electron  excitation  of  H2  and  D2  molecules  is  essential  to  the  ac¬ 
curate  modeling  of  the  role  of  these  excited  levels  in  negative  ion 
sources  and  in  hydrogen  filled  thyratrons  end  switches.  Thus,  it  is 
known  that  the  rate  of  negative  ion  formation  in  H2  and  D2  i*  •  strong 
function  of  the  degree  of  vibrational  excitation  produced  in  an  electri¬ 
cal  discharge  (Reference  26).  At  the  present  tine  there  is  about  a  fac¬ 
tor  of  two  uncertainty  in  the  slope  of  the  cross  section  near  threshold 
for  vibrational  excitation  of  B2  by  electrons  (References  27,  28).  In 
the  case  of  ®2»  the  only  cross  section  date  at  energies  of  interest  for 
discharges  appear  to  be  the  result  of  an  analysis  of  electron  transport 
date  which,  for  the  similar  case  of  H2,  are  known  to  be  significantly 
in  error  at  the  higher  energies  (Reference  29).  The  interest  in  vibra¬ 
tional  excitation  of  O2  arises  from  the  fact  that  this  process  dominates 
the  energy  lose  by  electrons  in  air  with  mean  energies  between  0.2  end 
1  ef,  i.e. ,  tits  energies  of  electrons  predicted  to  be  found  in  plasmas 
produced  whan  high  energy  electron  beams  propagate  stably  throw*  air. 

At  the  present  time  there  is  a  factor  of  two  discrepancy  hotmoon  the 
bettor  ef  the  two  seta  of  croos  section  data  obtained  wain*  electron 


bui  techniques  (lalarcaei  30)  and  results  we  have  derived  from  electron 
tranaport  data  (laftnaea  16).  s 

The  experleentsi  arrangeaent  wad  to  that*  asaeureaents  is  Identi¬ 
cal  with  that  used  for  tha  lafrarad  nseauransnts  deacrlbed  in  Sec.  II, 
except  for  changea  In  the  Infrared  detector  and  Its  associated  ampli¬ 
fiers.  Tha  basic  approach  to  tha  neasurenant  of  tha  densities  of  vi- 
brationally  excited  hoeonuclear  aolecules  la  to  sake  use  of  excitation 
transfer  froe  the  hoeonuclear  aolecule  to  a  heteronuclear  nolecule  which 
radiates  In  the  infrared.  The  theory  of  the  experleant  (Reference  31) 
shows  that  the  largest  signals  will  be  obtained  when  the  vibrational 
energies  of  the  two  aolecules  are  In  close  resonance,  aa  In  the  well- . 
known  case  (Reference  31)  of  the  l2(*l)  and  (X^fOOl)  levels  and  In  the 
less  well-known  case  (Reference  32)  of  02(v*>l)  and  CS2(001).  In  the 
case  of  aolecules  In  close  resonance,  our  analysis  suggests  that  an 
optlaua  mixture  typically  contains  0. 2Z  of  the  infrared  eaitter  and 
that  aost  of  the  energy  is  stored  in  hoaonudear  aolecules.  Generally, 
the  colllelonal  relaxation  of  the  hoaonudear  aolecule  In  the  pure  gas 
Is  slow,  as  for  1*2»  H2  and  °2*  *°  t*Ukt  ctM  added  gas  determines  the  rate 
of  colllslonal  dsexcltatlon  and  thereby  the  fraction  of  the  energy  ra¬ 
diated  before  colllelonal  deexdtatlon.  Considerations  such  as  these 
lead  to  the  prediction  that  the  largest  signals  will  be  obtained  for 
Dj-CO  alxturee.  Saeller  signals  are  sxpsctsd  for  HyKJO  and  Dj-COj  mix¬ 
tures  with  the  signals  from  Hj-COf  and  O2-C82  significantly  lower  be¬ 
cause  of  faster  colllslonal  deexcitation.  An  laportant  factor  In  the 
planning  of  our  experieents  Is  the  availability,  on  a  part-tine  basis, 
of  a  one-of-a-kind,  very  large  area  InSb  detector  for  asasureaents  of 


th«  a>2  and  CO  ewlaelon.  The  test  detector  we  could  purchaaa  (or  the 
CS2~<>2  aM*uraaaoC«  at  6.5  \m  haa  a  detectivity  which  la  a  factor  of  SO 

■waller. 

Ha  have  therefore  ewphaalted  the  Dj  and  H2  axperlwanta  during  the 
doaing  wonthe  of  thla  contract  period.  The  beat  way  to  aunuariae  thla 
work  la  to  note  that  during  the  two  wonthe  alnee  the  and  of  thla  con¬ 
tract  period  we  have  wade  an  axtenelve  eerlaa  of  weaaurwwenta  of  the 
vibrational  excitation  of  1>2  end  H2  ualng  CO  and  OO2  aa  tha  infrared 
ealttera.  Analyse*  of  the  data  to  deternlna  vibrational  excitation 
coefficient*  for  H2  and  1>2  are  now  under  way. 


SSCTIOH  IV 


CONCLUSIOIVS 

The  auarnrati  of  excitation  coefficients  for  the  production  of 
free-free  photons  reported  here  serve  to  demonstrate  the  usefulness  of 
slaple  theories  for  the  calculation  of  free-free  emission  In  gases.  On 
the  basis  of  this  work  and  of  theory  and  experiment  at  very  high  elec¬ 
tron  energies  we  have  made  predictions  of  free-free  emission  cross  sec¬ 
tions  for  several  gases  over  a  very  wide  range  of  electron  energies.  It 
would,  of  course,  he  desirable  to  test  these  predictions  experimentally, 
particularly  In  the  energy  range  of  20  to  100  eV  where  the  poorly-known 
effect  of  Inelastic  collisions  could  result  in  Increase  of  the  cross 
section  which  we  estimate  to  be  about  201.  Experimental  measurements 
at  low  electron  energies  In  other  gases  would  also  be  Important. 

The  development  and  application  of  techniques  for  the  measurement 
of  rates  of  production  of  vlbratlonally  excited  homonudear  molecules  Is 
expected  to  provide  Important  new  information  for  use  In  the  prediction 
of  the  characteristics  of  gas  discharge  devices  and  atmospheric  plasmas. 
The  work  carried  out  during  this  contract  period  has  recently  led  us  to 
successful  measurements  of  the  vibrational  excitation  of  and  Dj  mole¬ 
cules.  The  production  of  these  excited  states  la  of  particular  current 
Interest  because  of  their  importance  In  proposed  negative  Ion  sources 
and  in  switching  devices. 
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